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In Brief
Wnt/b-catenin signaling controls
development in many animals and
specifically drives serial asymmetric cell
divisions during C. elegans
embryogenesis. Vora and Phillips show
that targeting of SYS-1/b-catenin to
mitotic centrosomes promotes its
degradation during division, thus limiting
its inheritance by daughter cells.
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Caenorhabditis elegans embryos rapidly diversify
cell fate using a modified Wnt/b-catenin signaling
strategy to carry out serial asymmetric cell divisions
(ACDs). Wnt-dependent ACDs rely on nuclear asym-
metry of the transcriptional coactivator SYS-1/b-cat-
enin between daughter cells to differentially activate
Wnt-responsive target genes. Here, we investigate
how dynamic localization of SYS-1 to mitotic centro-
somes influences SYS-1 inheritance in daughter cells
and cell-fate outcomes after ACD. Through yeast
two-hybrid screening, we identify the centrosomal
protein RSA-2 as a SYS-1 binding partner and show
that localization of SYS-1 to mitotic centrosomes is
dependent on RSA-2. Uncoupling SYS-1 from the
centrosome by RSA-2 depletion increases SYS-1 in-
heritance after ACD and promotes Wnt-dependent
cell fate. Photobleaching experiments reveal that
centrosome-bound SYS-1 turns over rapidly. Inter-
estingly, disruption of the proteasome leads to an
increased accumulation of SYS-1 at the centrosome
but disrupts its dynamic turnover. We conclude that
centrosomal targeting of SYS-1 promotes its degra-
dation during asymmetric cell division. We propose
a model whereby centrosome-associated SYS-1
degradation couples negative regulation with cell-
division timing to facilitate SYS-1 clearance from
the mother cell at the time of asymmetric division.
Based on our observations of centrosomal SYS-1 dy-
namics, we discuss the possibility that the centro-
some may coordinate various cell-cycle-dependent
processes by synchronizing mitosis and protein
regulation.
INTRODUCTION
The Wnt/b-catenin signaling pathway is a key process in driving
cell-fate specification and tissue homeostasis in animals [1].
The primary function of canonical Wnt/b-catenin signaling is
to control the stability of the multi-functional transcriptional co-
activator b-catenin, and thus the level of target gene expression.
In unsignaled cells, b-catenin is targeted for degradation by aCurrent Biology 25, 100destruction complex consisting of two kinases, GSK3b and
CKIa, and two scaffolds, APC and Axin. Wnt signaling inhibits
the destruction complex, thereby stabilizing cytoplasmic b-cate-
nin, which translocates to the nucleus and activates Wnt-
responsive target genes through its interaction with TCF family
transcription factors [2, 3]. In humans, defects in Wnt signaling
components promote tumorigenesis and are associated with a
number of cancers [4].
Caenorhabditis elegans uses a Wnt/b-catenin signaling
pathway co-opted for the purpose of asymmetric cell division
(ACD), such that daughter cells derived from a Wnt-polarized
mother exhibit differential activity of Wnt signaling components
[5, 6]. This pathway regulates serial anterior-posterior ACDs
in many lineages throughout C. elegans development, directing
a reiterated binary pattern of cell-fate acquisition [7–10]. An
essential component of this pathway is SYS-1, a homolog of
b-catenin, which serves a conserved role of TCF binding and
activation of Wnt target genes [11, 12]. After ACD, SYS-1 is
asymmetrically enriched in the nucleus of the ‘‘Wnt-signaled’’
daughter cell where it activates transcription of Wnt target
genes. Wnt target gene expression triggers a cell differentiation
program distinct from the ‘‘Wnt unsignaled’’ daughter [13–15].
During division, SYS-1 localizes symmetrically to punctate
regions corresponding to mitotic centrosomes [8, 13, 15, 16];
however, the significance of this pattern is unclear. Centrosomes
are well-established microtubule-organizing centers (MTOCs)
in animal cells [17] but have also been implicated to serve as
platforms for spatially restricted protein degradation [18]. A
centrosome is composed of two centrioles surrounded by a peri-
centriolar material (PCM), a proteinaceous matrix of g-tubulin
ring complexes [19–21], core scaffolds [21, 22], andmitotic spin-
dle regulators [23]. Two key lines of evidence support a role for
the centrosome in concentrating protein degradation in human
cells: (1) components of the 20S and 19S proteasome localize
to the centrosome PCM where they restrict protein accumula-
tion, and (2) purified centrosomes can degrade polyubiquitinated
substrates in vitro [24]. Despite our knowledge of centrosome-
associated proteasomal degradation for over a decade, the
biological significance of this phenomenon remains largely
unknown.
Here, we show that centrosome-associated degradation of
C. elegans SYS-1/b-catenin limits its expression in daughter
cells after asymmetric cell division. SYS-1 interacts with the
centrosomal protein RSA-2 and localizes to the centrosome
throughout embryonic divisions. RSA-2 promotes SYS-1 cen-
trosomal accumulation during ACD but restricts SYS-1 retention5–1016, April 20, 2015 ª2015 Elsevier Ltd All rights reserved 1005
Figure 1. SYS-1 Localizes to the Centrosomes during C. elegans
Cell Divisions but Is Dispensable for Proper Centrosome Separation
during Mitosis
(A) Co-immunostaining of early embryos for YFP::SYS-1 (magenta) and
a-tubulin (green) reveals symmetric centrosomal localization (arrowheads)
during the first three cycles of cell division.
(B) Colocalization of in vivo YFP::SYS-1 (left) with mCherry::g-tubulin (right) at
centrosomes (arrowheads) during metaphase. Chromatin is labeled with
mCherry::H2B.
(C) Quantification of distance between spindle poles as a function of embryo
length during 15-s intervals after nuclear envelope breakdown. Blue diamonds
and red squares represent average measurements for wild-type and sys-
1(RNAi), respectively. Error bars represent SEM.
(D) Time course of centrosome (black circles) separation during first embryonic
cleavage in wild-type (top) and sys-1 (RNAi) (bottom) visualized with Nomarski
optics.in daughter cells after division. Photobleaching experiments
demonstrate that the entire fraction of centrosome-bound
SYS-1 is subject to active turnover. However, in the absence
of the proteasome, SYS-1 overaccumulates at the centrosome
and turnover is compromised. We propose a model whereby
mitotic centrosome-associated SYS-1 degradation couples
negative regulation with cell-division timing to facilitate SYS-1
clearance from the mother cell at the time of asymmetric
division.1006 Current Biology 25, 1005–1016, April 20, 2015 ª2015 Elsevier LRESULTS
SYS-1/b-Catenin Localizes to Mitotic Centrosomes
but Is Dispensable for MTOC Function
We visualized SYS-1 localization by immunostaining early em-
bryos expressing YFP::SYS-1, a rescuing transgene, with anti-
bodies against GFP. As previously reported [13, 15], dividing em-
bryonic cells were symmetrically enriched for two YFP::SYS-1
puncta at each pole of dividing blastomeres (Figure 1A, arrow-
heads). Co-staining for tubulin confirmed that SYS-1 puncta
localize near the center of radial microtubule arrays, and
combining an mCherry::g-tubulin transgene with YFP::SYS-1
demonstrated that SYS-1 colocalized with g-tubulin at mitotic
centrosomes in vivo (Figure 1B). Interestingly, SYS-1 puncta
consistently appeared larger than those of g-tubulin, consistent
with the idea that SYS-1 localizes to the centrosome PCM. This
localization pattern was observed throughout successive embry-
onic cleavages (Figure 1A). Similar patterns have been observed
for all other C. elegans Wnt-dependent ACDs studied to date,
including the hypodermal stem cell and vulval precursor cell
lineages [8, 16]. YFP::SYS-1 simultaneously localized to both
thenucleusandcentrosomes in cells at prometaphase (Figure1A,
secondcleavage).SYS-1centrosomalpuncta increased in sizeas
cells progressed through mitosis and were lost as centrosomes
disintegrated, suggesting that SYS-1 localization depends on
the status of PCM assembly during division (Movie S1). These
colocalization data confirm that SYS-1 localizes tomitotic centro-
somes in a dynamic pattern during embryonic divisions.
Centrosome-bound b-catenin participates in centrosome sep-
aration and spindle formation in mammalian cells [25, 26]. We
therefore investigated whether SYS-1 is involved in proper spin-
dle function by analyzing centrosome separation throughout first
cleavage in sys-1(RNAi) embryos. During C. elegans first embry-
onic cleavage, spindle poles separate throughout mitosis in an
invariant pattern that is readily disrupted by spindle defects
[23, 27]. Embryos depleted of SYS-1 completed cell division
and exhibited a centrosome separation pattern that was indistin-
guishable from that of wild-type (p > 0.1, permutation test) (Fig-
ures 1C and 1D). sys-1 RNAi efficacy was confirmed by loss of
GFP::SYS-1 in sys-1 (RNAi) embryos (Figures S1A and S3A). It
was previously shown that while other Wnt signaling compo-
nents are involved in establishing proper spindle orientation dur-
ing division of the ABar blastomere, spindle orientation was
normal during this division in sys-1 (RNAi) embryos [15, 28].
Together, these data show that SYS-1 is a bona fide centrosomal
protein but that SYS-1 is dispensable for spindle formation and
orientation.
The PCM Component RSA-2 Physically Interacts
with SYS-1 and Is Required for SYS-1 Centrosomal
Localization
In order to identify protein interacting partners of SYS-1 that
would provide insight into the mechanism underlying the
SYS-1 centrosomal localization pattern, we conducted a split-
ubiquitin yeast two-hybrid screen using a SYS-1 bait. Among
106 two-hybrid clones, we identified 52 potential candidates
demonstrating positive interaction with SYS-1 (see the Experi-
mental Procedures). Fifteen of these clones contained rsa-2,
which encodes a characterized C. elegans centrosomal scaffoldtd All rights reserved
Figure 2. SYS-1 Physically Interacts with
Centrosomal Protein RSA-2 in Yeast Two-
Hybrid Assay, and SYS-1 Centrosomal
Localization Is Dependent on RSA-2
(A) Yeast two-hybrid assay. Yeast clones con-
taining various bait/prey combinations were
grown on media lacking histidine in the presence
of X-gal to determine reporter gene activity.
(B) Standard ONPG colorimetric assay to measure
b-galactosidase activity. Each bar depicts an
average of three biological replicates. Previously
characterized SYS-1 interacting protein POP-1 is
included as positive control.
(C) SYS-1 accumulates in the cytoplasm and is
reduced at centrosomes (dashed circles) during
cell division in rsa-2 (RNAi). Co-immunostaining of
YFP::SYS-1 and a-tubulin during EMS metaphase
in wild-type and rsa-2 (RNAi).
(D) RSA-2 is necessary for centrosomal (arrow-
heads) enrichment of SYS-1, but not g-tubulin or
SPD-5. The left two columns depict embryos co-
expressing YFP::SYS-1 and mCherry::g-tubulin
during metaphase of the first three embryonic
cleavages, and the third column to the right of the
separating line shows stage-matched embryos
with centrosomes marked by GFP::SPD-5. Meta-
phase chromosomes are labeled with mCherry::
Histone 2B in the two rightmost panels (shown in
gray, positioned between the centrosomes).
(E) Quantification of mean fluorescence intensity
of YFP::SYS-1 at metaphase centrosomes in wild-
type and rsa-2 (RNAi) over three embryonic
cleavages. m.f.u., mean fluorescence units.
(F) Quantification ofmean fluorescence intensity of
GFP::SPD-5 at metaphase centrosomes in wild-
type and rsa-2 (RNAi) over three embryonic
cleavages.
n values in (E) and (F) are displayed over individual
bars and correspond to centrosomes. Statistics
here and in subsequent figures were carried out
using Mann-Whitney U test (unless otherwise
stated). *p < 0.05, **p < 0.01, ***p < 0.001; ns, not
significant. All error bars represent SEM. See also
Figures S1 and S2.protein [23]. Subsequent b-galactosidase assays confirmed that
SYS-1 physically interacts with RSA-2 (Figures 2A and 2B).
RSA-2 is a coiled-coil domain centrosomal protein necessary
for targeting a protein phosphatase 2a (PP2A) complex to
mitotic centrosomes. After RNAi depletion of RSA-2, compo-
nents of the PP2A complex fail to accumulate at centrosomes,
resulting in collapse of the mitotic spindle [23]. To test the pos-
sibility that RSA-2 promotes SYS-1 centrosomal targeting, we
knocked down RSA-2 expression by RNAi and visualized
SYS-1 in dividing embryonic cells. Embryos subjected to our
rsa-2 RNAi regimen showed reduced RSA-2 levels (Figure S1B)
but were still able to complete embryonic divisions (Movie S2).
YFP::SYS-1 was no longer enriched at g-tubulin-marked centro-
somes after rsa-2 (RNAi) (Figure 2D). To quantify the extent to
which YFP::SYS-1 in the cell was being targeted to the centro-
somes, we subtracted average cytoplasmic fluorescence inten-
sity from average centrosomal fluorescence intensity to obtain
a measure of ‘‘centrosomal enrichment’’ (Figure 2E). We
measured significantly reduced SYS-1 enrichment at the centro-Current Biology 25, 100somes throughout early embryonic cleavages in rsa-2 (RNAi)
embryos. Loss of centrosomal SYS-1 is not likely due to defects
in PCM formation since GFP::SPD-5, a core centrosome
maturation factor necessary for PCM organization [22], did not
show reduced enrichment at centrosomes after rsa-2 (RNAi)
(Figures 2D and 2F). Since loss of centrosomal SYS-1 after
rsa-2(RNAi) could simply reflect loss of expression, we
measured GFP::SYS-1 levels by western blot in mixed-stage
embryo lysates and were not able to detect a decrease in
GFP::SYS-1 expression in rsa-2 lysates (Figures S3A–S3C).
Instead, we observed that SYS-1 levels were slightly elevated
in rsa-2 (RNAi) embryos, which we address below. We conclude
that loss of centrosomal GFP::SYS-1 is due its redistribution
rather than decrease in expression.
Analysis of RSA-2::GFP in sys-1 (RNAi) embryos showed
that depletion of SYS-1 did not affect localization of RSA-2 to
the centrosome (Figures S1B and S1C). This indicates that the
SYS-1-RSA-2 interaction promotes SYS-1 centrosomal target-
ing but is not necessary for RSA-2 localization. In fact, it has5–1016, April 20, 2015 ª2015 Elsevier Ltd All rights reserved 1007
Figure 3. RSA-2 Negatively Regulates
GFP::SYS-1 Accumulation in Both Daughter
Cells after EMS Division
(A) In vivo GFP::SYS-1 expression in E and MS
nuclei (dashed circles) after division in wild-type
and rsa-2 (RNAi).
(B) Quantification of nuclear GFP::SYS-1 fluores-
cence from (A) showing a symmetric increase in
both E and MS.
(C) Immunolocalization of YFP::SYS-1 (left) in wild-
type and rsa-2 (RNAi) embryos after EMS division
showing an increase in nuclear SYS-1. Middle
panel marks DNA with DAPI.
(D) Representative skn-1 (RNAi) embryos display-
ing presence of (top) and absence of (bottom)
birefringent gut granules.
(E) Table depicting penetrance of ‘‘gutless’’ em-
bryos in various genotypes. teIs98 is a functional
sys-1 transgene, Ppie-1::GFP::SYS-1, that has
been previously shown to rescue gutlessness [13].
(F) Representative embryos demonstrating wild-
type (N2; top) and extra gut (teIs98; bottom) phe-
notypes. Left column shows endoderm visualized
by mAbJ126; right column shows DAPI-stained
DNA.
(G) Table depicting penetrance of extra gut em-
bryos in various genetic backgrounds. zzp < 0.01,
Fischer’s exact test.
All error bars represent SEM.been shown that RSA-2 is targeted to centrosomes through
interaction with SPD-5, suggesting that a hierarchical assembly
scheme based on core PCM components is responsible for
localization of RSA-2 and subsequent SYS-1 to the centrosome
[23, 29]. Since PP2A targeting to the centrosome requires
RSA-2, we tested whether the reduction in centrosomal SYS-1
is due to reduced PP2A activity at centrosomes in RSA-2-
depleted embryos. To do this, we directly reduced expression
of LET-92, the PP2A catalytic subunit. Consistent with previous
reports, let-92 (RNAi) embryos showed a drastic reduction in
centrosome-centrosome distance during division [23] but no
apparent defects in SYS-1 centrosomal localization (Figure S2).
These results support the view that SYS-1 centrosomal targeting1008 Current Biology 25, 1005–1016, April 20, 2015 ª2015 Elsevier Ltd All rights reservedinvolves a direct interaction with RSA-2
rather than RSA-2-dependent PP2A ac-
tivity at the centrosome.
Centrosomal Localization
Negatively Regulates SYS-1/b-
Catenin Levels andWnt-Dependent
Cell Fate
Since centrosomal SYS-1 does not
appear to participate in spindle formation
or orientation, we addressed the possi-
bility that localization of SYS-1 to the
centrosome promotes its proper regula-
tion during division. In four-cell embryos,
an endomesodermal blastomere (EMS)
undergoes asymmetric division to specify
a Wnt-signaled endodermal (E) foundercell and a Wnt-unsignaled mesodermal (MS) cell [30–33].
SYS-1 levels are high in the E nucleus and low in the MS
nucleus after division, and loss of SYS-1 results in an E to MS
fate transformation [13, 15]. We uncoupled SYS-1 from the cen-
trosomes during EMS division (Figure 2D) by rsa-2 (RNAi) and
examined nuclear levels in daughter cells (Figures 3A–3C).
While rsa-2 (RNAi) did not affect SYS-1 nuclear asymmetry be-
tween E and MS, nuclear SYS-1 was elevated in both daughter
cells in vivo and in immunostained embryos (Figures 3A–3C).
GFP::SYS-1 fluorescence intensity increased 1.9- and 1.8-fold
after rsa-2 (RNAi) in E and MS nuclei, respectively (Figure 3B).
These data demonstrate that centrosomal localization of
SYS-1 by RSA-2 inhibits accumulation in daughter cell nuclei
after EMS division. That centrosomally uncoupled SYS-1 accu-
mulates to the same extent in both the Wnt-signaled and un-
signaled daughter cells suggests that localization of SYS-1 to
the centrosome via RSA-2 promotes symmetric negative regu-
lation of SYS-1 levels.
The E (endoderm) founder cell lineage gives rise to the
C. elegans intestine, which can be readily visualized during late
embryogenesis by the presence of birefringent granules [30].
The maternally provided transcription factor SKN-1 is necessary
for EMS specification and gut formation [34]. Specification of E
cell fate has been shown to be partially dependent on SYS-1,
and overexpression of SYS-1 can rescue gut formation in a
skn-1 mutant [13, 15]. We reasoned that if centrosome uncou-
pling of SYS-1 during division leads to increased SYS-1 levels
in both daughters after division, rsa-2 should suppress the
skn-1 ‘‘gutless’’ phenotype. The gutless phenotype in skn-
1(zu67) was largely suppressed by SYS-1 overexpression in
a control experiment using a functional GFP::SYS-1 transgene
(teIs98). Likewise, when SYS-1 levels were increased in
response to rsa-2 RNAi, the skn-1 (zu67) gutless phenotype
was suppressed (Figures 3D and 3E).
MS to E fate transformations after EMS division result in em-
bryos producing twice as many intestinal cells, and it has been
demonstrated that overexpression of SYS-1 by an EMS line-
age-specific promoter (Pmed-1) results in a very low penetrance
(3%) of embryos with extra intestinal tissue [13], presumably
due to the robustness of this cell-fate decision. Consistent with
these results, we found that teIs98 (Ppie-1::GFP::SYS-1) embryos
produced extra intestine only 0.5% of the time. Though still low,
this penetrancewas enhanced6-fold to 3.2%after rsa-2 (RNAi)
(Figure 3E). Taken together, these data are consistent with the
idea that SYS-1 centrosome uncoupling in response to RSA-2
depletion phenocopies SYS-1 overexpression and promotes
Wnt-dependent cell fate.
Centrosomal SYS-1 Is Limited by the Proteasome
Since centrosomal localization via RSA-2 negatively regulates
SYS-1 protein levels, we investigated the possibility that centro-
some-bound SYS-1 is subjected to proteasomal degradation
during division. We inhibited the proteasome by RNAi depletion
of RPT-4, a core ATPase subunit of the 26S proteasome [35].
Consistent with previous reports [36], many rpt-4 (RNAi) em-
bryos contained supernumerary centrosomes and arrested at
the one cell stage. The majority of escapers that proceeded to
second cleavage were delayed in proper mitotic spindle orienta-
tion during P1 blastomere division, but spindles reoriented at
anaphase and cells proceeded through mitosis (Figure 4A). In
rpt-4 (RNAi) embryos, centrosomal enrichment of GFP::SYS-1
in dividing P1 cells increased 1.7-fold during metaphase and
1.8-fold during anaphase (Figures 4A and 4B).We also quantified
GFP::SYS-1 centrosomal/cytoplasmic intensity ratios, which
were significantly elevated in rpt-4 (RNAi), supporting the view
that the increase in SYS-1 levels is specific to the centrosomes
(Figure S3D). Centrosomal enrichment of GFP::SPD-5 after
rpt-4 (RNAi) treatment was not significantly different from wild-
type, indicating that centrosome maturation is not globally upre-
gulated (Figures 4A and 4B). Centrosomal RSA-2::GFP showed
a modest increase after rpt-4 (RNAi) (1.2-fold in both metaphase
and anaphase, Figures 4A and 4B). Thus, accumulation of SYS-1Current Biology 25, 100and, to a lesser extent, RSA-2 at the centrosomes is limited by
the proteasome.
Out-of-focus auto-fluorescent granules in the embryo make
it difficult to definitively quantify the cytoplasmic signal of
GFP::SYS-1 using epifluoresence, which requires a relatively
long exposure time. We therefore visualized cytoplasmic
GFP::SYS-1 in confocal optical sections of live embryos and
quantified mean fluorescence intensities. Quantification of
whole-cell fluorescence intensities showed that rpt-4 (RNAi)
embryos had 1.3-fold higher SYS-1 levels. As expected, centro-
somal and whole-cell levels of GFP::SYS-1 markedly increased
in rpt-4 embryos. We confirmed this increase in whole-cell
SYS-1 levels by western blot, which varied but showed consis-
tently elevated GFP::SYS-1 in rpt-4 lysates (Figures S3A–S3C).
These twomeasurements further suggest that SYS-1 is a protea-
some target, consistent with previous reports that propose regu-
lation of SYS-1 by the proteasome [13]. Quantifying centrosomal
and cytoplasmic signal individually showed that, while rpt-4
(RNAi) led to a slight increase in GFP::SYS-1 in the cytoplasm
(1.2-fold), centrosomal GFP::SYS-1 levels nearly doubled
compared towild-type (1.9-fold; Figures 4D and 4E). This result
indicates that, in the absence of a functional proteasome, the in-
crease in SYS-1 levels during mitosis is disproportionately
restricted to the centrosome.We used radial profiling to estimate
the size of individual GFP::SYS-1 centrosomal foci during P1
metaphase in wild-type and rpt-4 (RNAi) embryos (Figure 4C).
In rpt-4 (RNAi) embryos, there was a small but significant in-
crease in the average diameter of centrosomal foci, further
confirming elevated centrosomal SYS-1 in the absence of the
proteasome (Figures 4C and 4F).
C. elegans Centrosomes Accumulate Polyubiquitylated
Proteins that Are Cleared by the Proteasome
We were interested in determining the extent to which protea-
some-dependent degradation occurs at the centrosome in
C. elegans embryonic cells. To visualize proteins marked for
degradation by the ubiquitin-proteasome system, we immuno-
stained embryos with an antibody against polyubiquitin
chains (FK1). We detected very little polyubiquitin in wild-type
embryos; however, using the same acquisition settings for rpt-
4 (RNAi) embryos showed high levels of polyubiquitin distributed
throughout the cytoplasm and nucleus (Figures 5A–5C, bottom
panels), confirming that depletion of RPT-4 inhibits the pro-
teasome and suggesting that polyubiquitinated proteins are
quickly eliminated by the proteasome in wild-type embryos.
Although the global accumulation of polyubiquitin signal in
rpt-4 (RNAi) embryos partially obscured patterns of subcellular
localization, we consistently observed punctate enrichment of
polyubiquitin that colocalized with GFP::SYS-1 at the centro-
somes throughout early embryonic cleavages (Figures 5A–5C,
arrows). This indicates that proteins marked for degradation
enrich at the centrosomes during division and are rapidly purged
in the presence of a functional proteasome.
Centrosomal SYS-1/b-Catenin Is Rapidly Turned Over in
a Proteasome-Dependent Manner
If centrosomal SYS-1 is actively degraded by the proteasome,
we should observe proteasome-dependent turnover of centro-
some-bound SYS-1 protein, a possibility we addressed using5–1016, April 20, 2015 ª2015 Elsevier Ltd All rights reserved 1009
Figure 4. SYS-1 Centrosomal Accumulation
Is Restricted by the Proteasome
(A) GFP::SPD-5 (left), RSA-2::GFP (middle), and
GFP::SYS-1 (right) in wild-type and rpt-4(RNAi)
embryos during P2 division. Centrosomes in all
panels are marked by arrowheads. GFP::SPD-5
embryos in the left panel also contain an
mCherry::H2B transgene (GFP and mCherry both
shown in gray) marking the metaphase plate
(positioned between the two centrosomes).
(B) Quantification of centrosomal enrichment
values in (A). n values are displayed above bars
and correspond to centrosomes.
(C) Confocal maximum Z-projections of cen-
trosomal GFP::SYS-1 puncta during P2 meta-
phases from wild-type and rpt-4 (RNAi) embryos.
Enlarged images depict centrosome halves in
wild-type and rpt-4 (RNAi).
(D and E) Quantification of cytoplasmic, whole-cell
(D), and centrosomal (E) intensity of GFP::SYS-1 in
P2 cells from wild-type and rpt-4 (RNAi) embryos.
n values for (D) and (E) correspond to embryos and
centrosomes, respectively.
(F) Gaussian-curve-fitted average fluorescence
intensity profiles of GFP::SYS-1 centrosomal
puncta from (C) in wild-type and rpt-4(RNAi)
as depicted. FWHM denotes full width at half
maximum.
All error bars represent SEM. See also Figure S3.fluorescence recovery after photobleach (FRAP) assays. We
photobleached GFP::SYS-1 on one of two centrosomes in the
dividing P1 cell following nuclear envelope breakdown and
imaged centrosomal GFP recovery over time (Figures 6A and
6C). On average, virtually all of the GFP::SYS-1 signal recovered
within 120 s after bleaching with 50% recovery (t1/2) at 33.3 ± 2.4
s. That we observed 100% recovery (Fmobile = 100.5% ± 4.9%)
indicates that the entire fraction of centrosome-bound SYS-1
is mobile (Figures 6C and 6D). To determine whether proper
removal of SYS-1 from the centrosome is dependent on protea-
some activity, we performed photobleaching experiments in
rpt-4 (RNAi) embryos (Figures 6B and 6C). The rate of recovery
of centrosomal GFP::SYS-1 in the rpt-4 (RNAi) background
was significantly attenuated (t1/2 = 82.9 ± 10.4 s), and there
was a dramatic decrease in the mobile fraction (Figures 6C1010 Current Biology 25, 1005–1016, April 20, 2015 ª2015 Elsevier Ltd All rights reservedand 6D, Fmobile = 62.2% ± 2.7%). There-
fore, removal of SYS-1 from the centro-
some is partially dependent on the
proteasome. In order to address whether
decreased recovery in rpt-4 (RNAi) em-
bryos is due to higher initial levels of
SYS-1, we examined the relationship be-
tween initial intensity and percentage
recovery values in both wild-type and
rpt-4 (RNAi). Although there was a broad
range of initial centrosome intensity
values in both conditions, there was
little correlation between initial intensity
and percentage recovery in either wild-
type or rpt-4 (RNAi) (R2 = 0.166 and
R2 = 0.367 for wild-type and rpt-4,respectively). Our experiments show that depletion of RPT-4
leads to an increase in centrosomal SYS-1 but a decrease
in mobile fraction. Since disruption of the proteasome in this
manner leads to an overaccumulation of static, slowly ex-
changed SYS-1 at the centrosome, these results indicate that
the proteasome is necessary for eliminating SYS-1 from the
centrosome.
If centrosome-bound SYS-1 is subject to proteasomal degra-
dation, we would expect increased SYS-1 inheritance in
daughter cells after ACD when centrosomal localization is dis-
rupted by RSA-2 depletion. To address this idea, we filmed live
GFP::SYS-1 embryos during EMS division in wild-type and
rsa-2 (RNAi) embryos to construct time courses of SYS-1 local-
ization (Movies S1 and S2). Consistent with our previous results
(Figures 3A–3C), GFP::SYS-1 nuclear intensities were elevated
Figure 5. Polyubiquitinated Proteins Accumulate at Embryonic Cen-
trosomes during Cleavages and Are Eliminated by the Proteasome
GFP::SYS-1-expressing embryos (left column) immunostained using anti-
bodies to GFP (ab290) and polyubiquitinated protein conjugates (FK1, middle
column) during first (A), second (B), and third (C) embryonic cleavages. In each
panel, the top row depicts wild-type embryos with vanishingly low poly-
ubiquitin, and the bottom row shows increased polyubiquitin specifically
enriched at the centrosomes (arrowheads) of rpt-4(RNAi) embryos as marked
by SYS-1. (C) Depicts enlarged images of dividing EMS cells.in rsa-2 (RNAi) embryos in both E and MS daughters after EMS
division (Figures 6E and 6F). To specifically estimate the extent
of SYS-1 inheritance during this division, we compared whole-
cell signal intensities throughout division with initial signal inten-
sities (obtained at 350 s before cytokinesis) (Figure 6G). SYS-1
levels in wild-type embryos exhibited a consistent downward
trend as cells progressed through EMS division (Figure 6G,
blue diamonds). In contrast, SYS-1 levels in rsa-2 (RNAi) em-
bryos accumulated SYS-1 throughout division resulting in a net
increase from mother to daughter cells (Figure 6G, yellow
squares). Western blot analysis of rsa-2 (RNAi) embryos also
showed a mild increase in SYS-1 levels in two of three biological
replicates (Figures S3A–S3C). Though we saw no change in the
third replicate, since lysates were obtained from populations of
embryos heterogeneous in age, this variation could arise from
differences in embryonic stage distribution between lysates.
Increased retention of GFP::SYS-1 after division in rsa-2 further
supports the idea that disruption of SYS-1 centrosome targetingCurrent Biology 25, 100leads to reduced degradation and greater SYS-1 inheritance in
daughter cells.
DISCUSSION
C. elegans cell-fate specification depends on proper levels of
SYS-1/b-catenin, a Wnt-regulated transcriptional activator that
is reiteratively deployed throughout serial asymmetric cell divi-
sions. Our data show that the SYS-1 binding partner RSA-2 pro-
motes SYS-1 accumulation at mitotic centrosomes throughout
embryonic divisions (Figure 2D) but restricts SYS-1 retention in
daughter cells (Figures 3B, 6F, and 6G) and Wnt-dependent
cell fate (Figures 3D and 3E). Conversely, the proteasome re-
stricts SYS-1 accumulation at centrosomes but promotes cen-
trosomal SYS-1 turnover. We propose the following model. (1)
Mother cell SYS-1 symmetrically localizes to mitotic centro-
somes by RSA-2 interaction and is subjected to dynamic elimi-
nation by the proteasome (Figure 7A). (2) Knockdown of RSA-2
uncouples SYS-1 from local degradation at the centrosomes
and leads to increased retention in daughter cells (Figure 7B).
(3) Disruption of the proteasome leads to an increase in
steady-state SYS-1 at the centrosome but diminishes its dy-
namic elimination, leaving behind a static centrosome-bound
fraction (Figure 7C). Depending on the extent to which this
recruitment-elimination mechanism actively purges mother cell
SYS-1 during ACD, a substantial fraction of SYS-1 in the
daughter cells may arise from de novo translation.
Uncoupling SYS-1 from mitotic centrosomes by RSA-2
depletion results in increased SYS-1 retention by daughter cells
after asymmetric division but does not affect the net SYS-1
asymmetry (Figures 3A–3C and 6E–6G). This result supports
the notion that negative regulation mediated by centrosomal
recruitment does not depend on the Wnt/b-catenin asymmetry
pathway but rather represents a symmetric mechanism control-
ling SYS-1 expression. Previous work elucidating the mecha-
nisms underlying SYS-1 asymmetry has identified b-catenin
destruction complex proteins necessary for removal of SYS-1
in the Wnt-unsignaled daughter cell [13, 15, 16]. If removal of
SYS-1 from the unsignaled daughter occurs through destruction
complex-mediated degradation, then overexpression of SYS-1
in rsa-2 may saturate the destruction complex, thereby allowing
an increase in levels. Overexpression of b-catenin leads to acti-
vation of Wnt signaling even in the presence of a functional
destruction complex, which supports the idea that the destruc-
tion complex is sensitive to saturation by b-catenin in
C. elegans and other systems [11, 37].
Depletion of the core proteasomal ATPase RPT-4 results in
increased intensity of GFP::SYS-1 specifically at the centro-
somes as well as larger centrosomal GFP::SYS-1 puncta (Fig-
ures 4B–4D and 7C), indicating that the proteasome is required
to limit centrosomal SYS-1. Human cells treated with the protea-
some inhibitor lactacystin overaccumulate a wide variety of pro-
teins at the centrosome, including key PCM scaffolds such as
pericentrin and PCM1, which suggests that the proteasome
globally limits centrosome size and PCM formation [18, 38]. In
C. elegans, SPD-5 is thought to be the most proximal scaffold
responsible for PCM formation as no known PCM markers
localize to the centrosome in its absence [22]. Interestingly,
our data show that centrosomal accumulation of SPD-5 is5–1016, April 20, 2015 ª2015 Elsevier Ltd All rights reserved 1011
(legend on next page)
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Figure 7. Model for Centrosomal SYS-1 Degradation
(A) In wild-type, SYS-1 is recruited to the centrosomes by interaction with
RSA-2. SYS-1 leaves the centrosomes through diffusion or proteasomal
degradation and is constantly replenished during mitosis. SYS-1 levels are
asymmetric after EMS division (bottom).
(B) After loss of rsa-2, SYS-1 targeting to the centrosome is disrupted, and
centrosomally uncoupled SYS-1 is no longer efficiently processed by the
proteasome, and thus expression is elevated in both daughter cells after EMS
division (bottom).
(C) After loss of rpt-4, disruption of the proteasome allows increased SYS-1
centrosomal accumulation but decreased proteasome-dependent elimina-
tion. SYS-1 not associated with the inactive proteasome remains able to
diffuse back to the cytoplasm. After EMS division, SYS-1 expression is not only
elevated in both daughters but is also symmetric between EMS daughter cells
[13]. See text for expanded discussion.unaffected by disruption of the proteasome. Thus, in contrast to
human cells, C. elegans centrosome-associated degradation
may restrict more distally assembled PCM components such
as SYS-1 and RSA-2 (Figure 4A) rather than core PCM scaffolds.
Further experiments on the accumulation of various centrosomal
proteins in the absence of the proteasome will test this idea.
GFP::SYS-1 recovers rapidly after photobleaching in a protea-
some-dependent manner (Figures 6A–6C). Quick recovery after
photobleaching has been observed for a number of different
centrosomal proteins, a phenomenon attributed to free ex-
change of centrosome-bound proteins with their cytoplasmic
pools [39, 40] and localized proteasomal degradation [41]. TheFigure 6. Dynamic Turnover of Centrosomal SYS-1 Depends on the Pr
(A and B) Images from dividing P2 cells during FRAP experiments in wild-type
bleaching, and remaining images were collected after photobleach (t = seconds
photobleached centrosomes. Right panels show kymographs of centrosome in
Prebleach and bleach time points indicated by black arrowheads.
(C) Average percentage centrosomal GFP::SYS-1 recovery after photobleaching
(D) Table showingmobile fraction and half-time recovery rates (t1/2) calculated usin
with an exponential curve with a correlation value of R2R 0.85.
(E) Color-coded maximum intensity confocal projections of live GFP::SYS-1-exp
values in bottom-right corner correspond to seconds before/after completion of c
simultaneously collected Nomarski images (data not shown). GFP::SYS-1-marked
reform during cytokinesis. Cell bodies are marked by solid lines. Color-coding bar
(F) Quantification of average nuclear intensity of E and MS nuclei after cytokines
(G) Percentage signal change (y axis) over time (x axis) of whole-cell intensity from
change in signal intensity compared with initial time point (t = 350 s before cyt
Data points collected after cytokinesis correspond to average signal intensities f
represent SEM.
Current Biology 25, 100mobile fraction of centrosome-bound SYS-1 is decreased in
rpt-4 embryos (Figures 6C and 6D), suggesting that in the
absence of an enzymatically functional proteasome, a subpopu-
lation of centrosome-bound SYS-1 is captured, but not pro-
cessed, by the proteasome complex, rendering it immobile.
However, the remaining centrosomal SYS-1 that remains un-
bound by the proteasome is still free to exchange with the
cytosol (Figure 7C). It follows that, in wild-type cells, protea-
some-committed SYS-1 at the centrosome cannot freely ex-
change with the cytoplasmic pool but rather leaves the centro-
some through localized degradation (Figure 7A). The presence
of static, proteasome-restricted SYS-1 explains both the
decrease in mobile fraction and increase in centrosomal signal
after loss of RPT-4.
What is the biological function of centrosome-associated pro-
tein degradation in animal cells? A number of studies demon-
strate that the proteasome promotes proper spindle formation
and limits centrosome duplication in human cells and in
C. elegans [36, 38, 42]. This mechanism could also be used to
coordinate other regulatory processes in the cell. Indeed, a
recent study shows that centrosome-associated degradation
is necessary for dendrite elaboration in rodent neurons [43].
Our results show that the scope of centrosome-associated
degradation extends to include cell-fate determinants during
ACD. Interestingly, phospho-b-catenin and phospho-SMAD1
localize to centrosomes in mammalian embryonic stem cells,
and centrosomal accumulation of phospho-SMAD1 increases
upon inhibition of the proteasome [44, 45]. Due to the fact that
human b-catenin participates in centrosome splitting and spin-
dle formation in human cells, a role for its centrosomal localiza-
tion in promoting regulationmay currently be difficult to ascertain
[25, 26]. However, since SYS-1 does not appear to regulate
centrosome function (Figures 1C and 1D), we believe
C. elegansmay provide a powerful system to address b-catenin
centrosomal regulation.
Centrosome-associated degradation of SYS-1/b-catenin rep-
resents a mechanism to synchronize protein regulation with cell-
cycle timing. Consistent with this idea, regulatory interactions of
centrosome-bound proteins affect cell-cycle progression by
controlling the activity of cyclins and cyclin-dependent kinases
[46]. Since centrosome behavior and PCM accumulation are inti-
mately connected with cell-cycle status [47], the centrosomeoteasome and Limits SYS-1 Inheritance
(A) and rpt-4 (RNAi) (B) embryos. Top-left images were taken before photo-
postbleach). Squares represent photobleached areas, and arrowheads depict
tensity (along x axis) over time (y axis) during photobleaching experiments.
in wild-type and rpt-4 (RNAi).
g individual log-fitted recovery curves from (C). All individual recovery trends fit
ressing embryos undergoing EMS division in wild-type and rsa-2 (RNAi). Time
ytokinesis (which was set as t = 0 s). Time of cytokinesis was determined using
centrosomes (arrowheads) separate duringmitosis and nuclei (dashed circles)
(middle) depicts color rank associated with 8-bit fluorescence intensity values.
is in time courses as in (E).
wild-type and rsa-2 (RNAi). Each data point represents an average percentage
okinesis).
rom both E and MS daughter cells (depicted in E as solid lines). All error bars
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may serve as a sort of internal timekeeper for various cell-cycle-
dependent processes by coupling cell division and protein
regulation. This would allow cells to specify an optimal range
of protein concentration or modification in a desired phase of
the cell cycle.
Our proposed mechanism utilizes centrosome-associated
regulation for resetting or fine-tuning the levels of cell-fate deter-
minants such as SYS-1 during the formation of daughter cells.
Given that aberrant centrosome number and morphology are
general features of tumor cells [48], it can be imagined that a
centrosome-associated degradation/regulation system would
be impaired in some cancers. Despite extensive characterization
of genes involved in spindle formation and centrosome duplica-
tion, proteomic analysis of purified centrosomes in human cells
reveal a large number of centrosomal proteins with no known
function in dictating centrosome MTOC activity [49]. While eluci-
dating the relevance of centrosomal targeting remains a goal for
future studies of biological processes that require coupling of
proteolysis and cell division, our results underscore a role for
the centrosome in regulating cell-fate determinants such as
b-catenin.
EXPERIMENTAL PROCEDURES
Strains
Strains were maintained using standard C. elegans methods [50]. The strains
used were N2 Bristol (wild-type); BTP51 (tjis71 [Ppie-1::mCherry::H2B, Ppie-1::
2XmCherry::tbg-1], a gift from A. Sugimoto; qIs95 [Psys-1:: VENUS::SYS-1]
III); TX964 (teis98 [Ppie-1::GFP::SYS-1]); DAM349 (Pspd-5::GFP::SPD-5, ltIs37
[Ppie-1::mCherry::H2B], a gift from A. Dammerman); TH107 (Ppie-1::RSA-2::
GFP, a gift from T. Hyman); and EU1 (skn-1 (zu67) IV/nT1[unc-?(n754) let-?]
IV;V). Transgenic strains were maintained at 25C to preserve transgene
expression [51]. Strains were obtained from the Caenorhabditis elegans
Genetics Center (CGC) unless otherwise specified.
RNAi
RNAi experiments were performed by feeding worms bacteria (HT115) pro-
ducing double-stranded RNA (via bidirectional transcription of various inserts
from L4440 vector) as previously described [52]. For negative RNAi controls,
we fed worms bacteria bearing a feeding vector that lacked an insert. Duration
of RNAi feeding and larval stage varied based on particular gene targeted for
depletion: 12 hr from L4 for rpt-4, 48 hr from L1 for rsa-2, 36 hr from L2 for
sys-1, 12 hr from L4 for let-92. All RNAi experiments were performed at
25C except let-92 (RNAi), which was performed at 20C.
Immunofluorescence
Staining of embryos for intestinal tissue was performed according to the
freeze-crack method described in [53] using the monoclonal antibody J126
to label endoderm (a gift from J. Kimble and Susan Strome). All other immuno-
staining experiments were carried out as in [54] and are covered in more detail
in the Supplemental Experimental Procedures.
Fluorescence Recovery after Photobleaching Analysis
Samples were analyzed using the Zeiss 710 laser confocal imaging system.
A high-powered argon laser (at 100% intensity) was used to photobleach a
5 mm 3 5 mm square region of interest (ROI) containing the centrosome in 16
iterations at a scanning speed of 1.27 mm/second. Postbleach images were
collected in seven 2-mm z stacks every 7 s. Quantification of centrosomal
fluorescence intensity was carried out on full Z-projections using NIH ImageJ
software. Background was subtracted using mean fluorescence of bleached
centrosomes directly after photobleaching. Recovery values were corrected
for reduction in levels due to initial photobleaching as previously described
[55]. Half-time recovery (t1/2) was calculated by fitting individual recovery
curves to a logarithmic equation and mobile fraction was calculated using1014 Current Biology 25, 1005–1016, April 20, 2015 ª2015 Elsevier Lthe following equation: Fmobile = (Ifinal – Ipostbleach/Iprebleach)3 100. (Ifinal = centro-
some signal 120 s after bleaching; Ipostbleach = centrosome signal directly after
photobleaching; and Iprebleach = average centrosome signal over two frames
acquired prior to photobleaching.)
Yeast Two-Hybrid Experiments
Two-hybrid assays were done using the split-ubiquitin system according to
manufacturer’s instructions (MobiTec). Full-length SYS-1 cDNA was cloned
into a bait vector (pDHB1), and Bait-expressing yeast cells were transformed
with cDNA library clones (cDNAs cloned into prey vector pPRN3) as described
[56]. Positive-interactor colonies were isolated on –HIS media supplemented
with 1 mM 3-amino-1,2,4-triazol (3-AT).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.02.020.
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